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HIGHLIGHTS 


•  Activated  carbon  tailored  for  use  in  high  voltage  PC-based  electrolytes. 

•  P4  is  a  microporous  activated  carbon. 

•  EDLCs  containing  P4  display  high  energy  and  power. 
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In  this  work  we  report  about  the  morphological  and  structural  characteristic  of  an  activated  carbon  (P4) 
tailored  for  use  in  high  voltage  PC-based  electrolytes.  In  these  types  of  electrolytes  P4  displays  specific 
capacitance  of  about  120  F  g_1  and  volumetric  capacitance  of  61.6  F  cmr3,  which  are  very  promising 
values  in  view  of  the  realization  of  high  energy  EDLCs.  We  show  that  using  P4  in  combination  with  the 
electrolyte  1.5  M  PYR14BF4  in  PC  it  is  possible  to  realize  EDLCs  able  to  deliver,  at  1  A  g_1,  specific  energy 
and  power  of  34.5  Wh  kg~'  and  1.7  kW  kg-1,  respectively.  These  values  are  among  the  highest  so  far 
reported  for  this  type  of  EDLCs.  Furthermore,  it  also  displays  capacitance  retention  higher  than  85%  after 
50.000  cycles.  Taking  into  account  these  results,  P4  appears  therefore  a  suitable  candidate  for  the 
realization  of  high  energy  EDLCs. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  double  layer  capacitors  (EDLCs),  also  known  as 
supercapacitors,  are  today  advancing  as  one  of  the  most  promising 
energy  storage  technology.  EDLCs  feature  high  power  (up  to 
10  kW  kg  1 )  and  an  extremely  high  cycle  life  (>500,000)  and  they 
are  currently  used  in  a  large  number  of  applications  where  rapid 
charge— discharge  capability  and  reliability  are  required  [1].  The 
commercially  available  EDLCs  contain  activated  carbon  (AC)  as 
active  materials  and  electrolytes  containing  either  propylene  car¬ 
bonate  (PC)  or  acetonitrile  (ACN)  as  solvent  and  tetraethyl  ammo¬ 
nium  tetrafluoroborate  (Et4NBF4)  as  conductive  salt  [2,3],  The 
operative  voltage  of  these  EDLCs  is  in  the  range  of  2.3— 2.7  V  [4], 

An  increase  of  the  EDLCs  energy  would  allow  the  introduction  of 
these  high  power  devices  in  a  larger  number  of  applications  and, 
consequently,  it  would  increase  the  market  size  of  EDLCs. 
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Therefore,  in  the  last  years  many  efforts  have  been  made  to  increase 
the  energy  of  EDLCs. 

The  most  effective  strategy  to  increase  the  energy  and  the  power 
of  EDLCs  is  to  increase  their  operative  voltage  [4],  In  EDLCs  the 
charge  is  electrostatically  stored  at  the  electrode— electrolyte 
interface  and  the  operative  voltage  of  these  devices  is  dependent  on 
the  electrochemical  stability  of  the  electrolyte.  Several  studies 
showed  that  it  is  not  possible  to  increase  the  operative  voltage  of 
EDLCs  using  the  state-of-the-art  electrolytes  without  negative  ef¬ 
fect  on  their  cycling  stability  [5,6].  Therefore,  in  the  last  years  many 
efforts  have  been  directed  on  the  development  of  alternative 
electrolytes  for  high  voltage  EDLCs.  Different  ionic  liquids  (ILs)  and 
alternative  organic  solvents  have  been  investigated  and  promising 
results  have  been  obtained  [3,7—12], 

Recently,  we  proposed  the  use  of  innovative  PC-based  electro¬ 
lytes,  containing  different  conducting  salts  with  respect  to  the 
conventional  PC-based  electrolytes,  for  the  realization  of  high 
voltage,  high  energy  EDLCs  [13],  These  innovative  electrolytes 
exhibit  high  conductivity,  low  viscosity  and  large  electrochemical 
stability.  Additionally,  they  have  the  advantage  of  being  highly 


380 


C.  Ramirez-Castro  et  al.  /  Journal  of  Power  Sources  270  (2014)  379-385 


concentrated,  which  is  a  key  aspect  in  view  of  the  realization  of 
high  energy  EDLCs.  We  showed  that  the  use  of  these  innovative 
electrolytes  allows  the  realization  of  EDLCs  which  are  able  to 
display  higher  energy  and  power,  compared  to  the  state-of-the-art 
electrolytes,  in  a  broad  range  of  current  densities.  For  that,  they  can 
certainly  be  considered  as  promising  electrolytes  for  the  realization 
of  advanced  EDLCs. 

As  mentioned  above,  in  EDLCs  the  charge  is  electrostatically 
stored  at  the  electrode— electrolyte  interface.  Therefore,  it  is  clear 
that  in  order  to  develop  high  energy  EDLCs  not  only  the  electrolyte, 
but  also  the  electrode  materials  need  to  be  considered.  Particularly, 
the  affinity  between  the  electrode  materials  and  the  electrolyte 
should  be  carefully  considered.  Parameters  like  the  specific  surface 
area,  the  pore  size  distribution  and  the  chemical  environment  in 
the  carbon-electrode  material  as  well  as  the  effective  ion  size  and 
wettability  in  the  electrolyte  have  to  be  taken  into  consideration  in 
order  to  ensure  an  optimal  operation  of  the  final  device  [1,5], 

In  the  last  years,  due  to  their  interesting  properties  several 
carbonaceous  materials,  e.g.  carbon  blacks,  carbon  aerogels  or  car¬ 
bon  nanotubes  have  been  proposed  as  alternatives  for  ACs  [4,14], 
Nevertheless,  up  to  now  the  most  suitable  material  for  the  realiza¬ 
tion  of  high  energy  EDLCs  is  AC  due  to  its  high  surface  area  and  low 
cost.  ACs  are  obtained  from  carbon-rich  organic  precursors  by 
carbonization  in  inert  atmosphere  followed  by  a  physical  or  chem¬ 
ical  activation.  While  in  the  last  years,  several  studies  have  focused 
on  the  development  of  ACs  in  order  to  optimize  their  performance  in 
either  aqueous  or  organic  conventional  electrolytes,  a  lower  number 
of  works  dealt  with  tailoring  ACs  for  innovative  electrolytes,  e.g. 
ionic  liquids  and  high  voltage  PC-based  electrolytes.  [9,15,16], 

In  this  manuscript  we  report  about  an  activated  carbon  (P4) 
tailored  for  being  used  in  high  voltage  PC-based  electrolytes. 
Initially,  the  morphology,  specific  surface  area,  pore  size  distribu¬ 
tion  and  oxygen  content  of  this  innovative  AC  are  considered  and 
compared  with  those  of  a  commercial  available  AC.  Afterward,  the 
use  of  both  ACs  in  EDLCs  containing  high  voltage  PC-based  elec¬ 
trolytes  is  investigated  with  the  aim  to  understand  the  benefit 
related  to  the  use  of  this  tailored  activated  carbon  on  the  energy  of 
high  voltage  EDLCs. 

2.  Experimental 

2.1.  Materials 

The  activated  carbon  P4  supplied  by  SGL  group  was  used  as 
received.  For  comparison,  all  the  physicochemical  characterization 
and  the  electrochemical  tests  were  also  realized  for  Norit  DLC  super 
30  (Norit). 

The  carbonaceous  materials  were  tested  in  three  different 
electrolytes;  1  M  Et4NBF4  in  PC,  1.5  M  N-methyl-N-butyl  pyrroli- 
diniurn  bis-[(trifluoromethyl)sulfonyl]imide  (PYR14TFSI)  in  PC  and 
1.5  M  N-methyl-N-butyl  pyrrolidinium  tetrafluoroborate 
(PYR14BF4)  in  PC.  The  organic  salt  Et4NBF4  (Sigma— Aldrich)  and  the 
ionic  liquid  PYR14TFSI  (Iolitec,  Germany)  were  dried  under  vacuum 
and  stored  in  a  glove  box  while  the  PYR14BF4  was  synthesized  as 
described  in  Ref.  [17].  The  propylene  carbonate  (Sigma— Aldrich) 
was  used  as  received. 

2.2.  Physicochemical  characterization 

The  morphologies  of  the  carbon  powders  were  investigated  by 
Scanning  Electron  Microscopy  (SEM)  AURIGA  F1B-SEM  from  ZEISS. 
The  samples  were  dispersed  in  ethanol  by  ultrasound  and  two  or 
three  drops  of  the  dispersed  powder  were  deposited  on  the  sample 
holder  and  dried  in  an  oven  at  60  °C  before  analysis. 


The  elemental  composition  of  the  carbons  was  determined  by 
CHN-  and  XPS  analysis.  For  CHN  analysis  a  CHNO-Rapid  (Heraeus) 
was  used.  By  combusting  a  small  amount  of  carbon  in  excess  oxy¬ 
gen  atmosphere  and  qualitative  analysis  of  the  combustion  prod¬ 
uct,  the  composition  of  the  sample  can  be  calculated. 

An  AXIS  ULTRA  HSA  Kratos  was  utilized  using  the  Al  Ka 
monochromatic  beam  (1486.7  eV).  Core  level  spectra  (pass  energy 
of  20  meV)  were  used  to  evaluate  the  atomic  concentration  of  the 
species  present  at  the  surface  of  the  samples.  The  sample  powders 
were  dispersed  onto  adherent  carbon  film.  The  data  were  collected 
at  room  temperature  and  typically  the  operating  pressure  in  the 
analysis  chamber  was  kept  below  10~9  Torr.  Data  analyses  were 
performed  with  the  Casa  XPS-Kratos,  where  every  spectrum  was 
corrected  according  to  C  Is  at  284.5  eV  (graphite  like  carbon). 

Raman  measurements  were  made  on  a  Bruker  SENTERRA 
dispersive  Raman  microscope  (20X  magnification)  with  a  green 
semiconductor-laser  (532  nm,  20  mW).  The  dispersive  element  was 
a  grating  with  400  lines/mm  and  the  aperture  was  a  slit  with  the 
dimensions  of  50  x  1000  microns.  The  powder  samples  were 
mounted  on  glass  slides. 

In  order  to  gain  information  of  the  porous  structure  of  the  carbon, 
adsorption  of  nitrogen  at  77  K  was  performed  on  an  ASAP  2020 
Surface  Area  and  Porosity  Analyzer  ( Micromeritics ).  All  samples 
were  degassed  at  350  °C  for  6  h  under  vacuum  before  the  adsorption 
experiment  was  started.  The  specific  surface  area  (SSA)  of  the  car¬ 
bons  was  determined  from  N2  adsorption  isotherm  using  the  BET 
equation  and  the  DFT  model  (cumulative  DFT surface  area).  The  total 
micropore  volume  ( Vmjcro)  and  the  average  pore  diameter  (Lg)  were 
calculated  by  applying  the  Dubinin— Radushkevich  (DR)  equation  to 
the  N2  isotherm  by  assuming  slit-shaped  pores  [18],  The  total  pore 
volume  (TPV)  was  obtained  from  the  N2  adsorption  at  P/Po  —  0.99 
and  the  volume  of  the  mesopores  (Vmeso)  was  estimated  by  sub¬ 
tracting  the  total  micropore  volume  from  the  total  pore  volume. 

2.3.  Electrochemical  characterization 

The  electrodes  were  prepared  following  a  procedure  reported  in 
Ref.  [19  .  The  weight  ratio  between  the  active  material  (P4/Norit), 
the  conductive  additive  (Super  C65,  Timcal)  and  the  binder  (So¬ 
dium  carboxymethyl-cellulose,  CMC  2000,  Walocell)  was  90:5:5 
with  a  mass  loading  of  5—6  mg  cm~2  and  an  area  of  1.13  cm2.  The 
final  electrode  density  (coating)  was  0.50  g  citT3  for  Norit  and 
0.57  g  cnT3  for  P4. 

Electrochemical  test  were  carried  out  in  a  two  electrodes 
configuration  Swagelock®  type  cell.  The  cells  were  assembled  in  an 
Argon-filled  glove  box  with  oxygen  and  water  contents  lower  than 
1  ppm.  For  the  working  and  the  counter  electrode,  two  identical 
activated  carbon  electrodes  were  used  (symmetric  EDLCs).  As 
separator,  a  Whatman  GF/D  glass  microfiber  filter  soaked  with 
100  pL  of  the  corresponding  electrolyte  was  used. 

The  electrochemical  tests  were  performed  at  20  °C  a  VMP 
multichannel  potentiostatic— galvanostatic  system  (Biologic  Sci¬ 
ence  Instrument,  France).  Cyclic  voltammetry  were  performed  at 
20  mV  s_1  while  galvanostatic  charge— discharge  tests  were  carried 
out  using  current  densities  ranging  from  1  to  10  A  g  .  The  charge/ 
discharge  long  term  cycling  tests  were  carried  out  over  50,000 
cycles  at  1  A  g  .  The  values  of  capacitance  of  the  total  active  ma¬ 
terial  in  the  cell  (C),  the  equivalent  series  resistance  (ESR),  the 
coulombic  efficiency  (rj),  average  energy  (£)  and  average  power  (P) 
have  been  calculated  as  indicated  in  Refs.  [20,21], 

3.  Results  and  discussions 

Fig.  1  show  the  SEM  images  of  P4  and  Norit  at  two  different 
magnifications.  According  to  Fig.  la  and  b,  both  carbons  exhibit 
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Fig.  1.  SEM  images  of  carbon  Norit  (a  and  c)  and  P4  carbon  (b  and  d). 


irregular  shapes  and  sizes  in  the  order  of  micrometers  to  nano¬ 
meters.  At  higher  magnifications,  Norit  (c)  displays  a  regular  and 
flat  surface  while  P4  surface  (d)  comprises  a  thin  and  wrinkled 
sheets-like  structure. 

Elemental  analysis  of  P4  and  Norit  revealed  a  carbon  content  of 
96.1%  and  94.4%,  respectively  (Table  1).  Both  materials  present  an 
oxygen  content  of  around  5%.  By  XPS,  the  atomic  percentage  of  C 
and  O  are  in  agreement  with  the  CHN  analysis.  These  results  evi¬ 
dence  the  homogeneity  in  the  chemical  environment  of  the  bulk 
and  the  surface  in  both  carbons. 

Fig.  2  compares  the  Raman  spectra  of  the  two  investigated 
carbons.  For  both  materials  two  main  spectral  peaks  are  observed 
around  1340  and  1590  cm-1  which  correspond  to  the  D  and  G  band 
respectively,  where  the  D  band  is  related  to  the  disorder  domains  in 
the  carbon  structure  and  the  G  band  to  the  graphite  domains  [22], 
The  intensity  ratio  of  D  band  to  G  band  (1d//g)  in  P4  carbon  is  lower 
with  respect  to  Norit  and  is  related  to  a  more  crystalline  structure. 
Since  the  preferential  sites  for  the  formation  of  oxygen  function¬ 
alities  are  on  the  defects  or  edges  of  carbonaceous  materials  23], 
the  results  found  by  Raman  analysis  are  in  agreement  with  XPS 
analysis  where  a  lower  oxygen  content  for  P4  is  detected.  In  the 
case  of  P4  carbon,  the  spectral  peak  at  1590  cuT1  exhibits  a  slight 
shoulder  after  1600  cm  ,  this  shoulder  arises  from  the  graphite 
edge-plane  [24]  also  observed  by  SEM. 

Table  2  and  Fig.  3  report  the  data  obtained  from  the  adsorption 
isotherms  and  porosity  measurements.  As  shown  in  Fig.  2a,  the  N2 
adsorption  isotherms  for  both  carbons  are  of  type  I,  corresponding 
to  microporous  materials  [25],  Amongst  the  two  carbons,  Norit 
appears  to  possess  the  highest  adsorption  capacity;  which  is 


Table  1 

Elemental  analysis  and  XPS  data  for  P4  and  Norit. 


Sample 

Qhn  (%) 

Hchn  (%) 

OcHN-diff  (%) 

QcPS  (%) 

OxPS  (%) 

P4 

96.1 

0.3 

3.6 

96.2 

3.8 

Norit 

94.4 

0.4 

5.2 

94.9 

5.1 

translated  in  a  larger  surface  area  with  respect  to  P4.  Since  it  is  well 
documented  that  the  determination  of  the  surface  by  the  BET 
model  leads  to  an  overestimation  of  the  surface  of  microporous 
activated  carbons  [26],  the  DFT  model  was  also  used  to  evaluate  the 
specific  surface  area  of  P4  and  Norit  (see  Table  2).  In  terms  of 
porosity  (Fig.  3b),  P4  has  most  of  its  pores  in  the  microporosity 
range  (up  to  2  nm)  with  a  Lg  centered  at  1.87  nm,  while  Norit  has  a 
significant  amount  of  mesopores  (around  9%)  with  a  Lo  centered  at 
2.51  nm.  Y.  Yang  [27]  suggested  that  in  carbonaceous  materials  with 
sheets-like  structures  as  P4,  the  mesopores  are  derived  from  the 
incompact  stacking,  entanglement  and  overlap  of  the  sheets,  while 
the  micropores  probably  come  from  defects  in  the  sheets. 

Considering  the  results  reported  above,  P4  and  Norit  appear  to 
display  significant  differences  in  term  of  surface  area,  average  pore 
width  and  pore  size  distribution.  Norit  displays  a  higher  surface 


Fig.  2.  Comparison  of  the  Raman  spectra  of  Norit  and  P4. 
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Table  2 

Textural  characterization  of  P4  and  Norit. 


Sample 

BET-area  (m2  g~’) 

DFT-area  (m2  g~’) 

TPV  (cm3  g-1) 

Ymicro(cm3g  ’) 

Yneso  (cm3  g  3) 

^micro/l^meso  (CUT*  g 

to  (nm) 

P4 

1104 

957 

0.605 

0.601 

0.004 

150.25 

1.870 

Norit 

1500 

1138 

0.850 

0.780 

0.070 

11.14 

2.510 

Fig.  3.  a)  N2  adsorption  isotherms  at  77  l<  and  b)  pore  size  distribution  of  Norit  and  P4. 


area  compared  to  P4.  On  the  other  hand,  the  average  pore  width  of 
P4  is  significantly  smaller  compared  to  the  one  of  Norit.  Further¬ 
more,  it  is  interesting  to  notice  the  different  amount  of  mesopores 
present  on  these  two  carbons.  As  shown  in  Fig.  3  and  indicated  in 
Table  2,  P4  displays  a  very  low  amount  of  mesopores  compared  to 
Norit.  Consequently,  the  ratio  between  micro  and  mesopores  is 
completely  different  in  P4  and  Norit  and  P4  can  be  seen  as  a  much 
more  “microporous”  carbon  compared  to  Norit. 

Fig.  4  compares  the  voltammetric  profiles  of  electrodes  con¬ 
taining  the  activated  carbons  P4  and  Norit  in  the  conventional 
electrolytes  1  M  Et4NBF4  in  PC  (3-electrode  configuration  cell).  As 
show,  the  P4  electrode  displays  a  specific  capacitance  of  120  F  g_1. 
This  value  is  significantly  higher  than  that  of  the  Norit  electrode, 
which  displays  a  specific  capacitance  in  the  order  of  95  F  g_1.  It  is 
also  very  interesting  to  remark  that  the  volumetric  capacitance  of 
P4  (61.6  F  citT3)  is  significantly  higher  than  that  of  Norit 
(42.8  F  cm-3).  Since  the  DFT  surface  area  of  Norit  is  higher  than  P4, 
the  higher  capacitance  displayed  by  P4  seem  to  indicate  that  this 


-1.5  -1.0  -0.5  0.0  0.5  1.0  1.5 

Potential  vs  Ag  (V) 

Fig.  4.  Comparison  of  the  voltammetric  profiles  of  the  electrodes  containing  P4  and 
Norit  as  active  materials  in  1  M  Et4NBF4  in  PC  (scan  rate  5  mV  s  ')■ 


carbon  possesses  a  higher  effective  surface  area  compared  to  Norit, 
which  can  be  related  to  its  structure  and  surface  characteristics.  As 
mentioned  by  Chmiola  et  al.  [28  ,  the  presence  of  a  high  number  of 
micropores  is  beneficial  for  an  optimal  utilization  of  the  electrolyte 
ions  due  to  a  stronger  interaction  between  the  ions  and  the  pore 
walls.  Furthermore,  it  is  also  interesting  to  notice  that  the  ion  size  of 
electrolytes,  which  is  comprise  between  0.7  and  1.1  nm,  appears  to 
match  very  well  with  the  pore  width  of  P4  (1.8  nm)  [9],  Using  the 
activated  carbons  P4  and  Norit  as  active  materials,  EDLCs  and  tested 
in  the  electrolytes  1  M  Et4NBF4  in  PC,  1.5  M  PYRi4TFSI  in  PC  and 
1.5  M  PYRi4BF4  in  PC.  Fig.  5  compares  the  voltammetric  profiles  of 
the  devices  as  obtained  during  test  carried  out  at  room  temperature 
using  a  scan  rate  of  20  mV  s  .  As  shown,  all  EDLCs  display  the 
typical  rectangular  shape  characteristic  of  a  pure  capacitive 
behavior  [29].  Nevertheless,  is  important  to  highlight  that  in  all 
electrolytes  the  EDLCs  containing  P4  exhibit  values  of  capacitance 
at  least  5  F  g-1  higher  than  the  ones  containing  Norit,  as  expected 
because  of  the  higher  capacitance  of  this  carbon  compared  to  the 
one  of  Norit.  For  P4  in  the  electrolytes  1.5  M  PYRi4TFS1  in  PC  and 
1.5  M  PYRi4BF4  in  PC  a  tenuous  wave  near  to  2.7  V  on  the  positive 
side  of  the  CV  as  well  as  a  slight  deviation  of  the  ideal  capacitive 
behavior  when  the  potential  scan  is  reversed  in  the  positive-charge 
electrode  region  are  observed  in  the  EDLCs  (Fig.  5b  and  c,  respec¬ 
tively).  Since  the  oxygen  content  of  the  two  carbons  is  similar,  but 
Norit  is  exempt  of  this  behavior,  a  possible  explanation  for  this 
deviation  from  the  ideal  rectangular  shape  could  be  the  occurrence 
of  some  minor  ion  sieving  process  in  P4.  The  occurrence  of  such 
process  could  be  further  investigated.  Nevertheless,  considering 
the  very  limited  entity  of  such  a  process,  it  is  reasonable  to  suppose 
that  such  process  should  not  significantly  affect  the  behavior  of  the 
EDLCs. 

The  results  shown  above  indicate  P4  as  a  promising  activated 
carbon  for  EDLCs.  To  the  best  of  our  knowledge,  the  capacitance 
(both  gravimetric  and  volumetric)  exhibit  by  the  activated  carbon 
P4  is  among  the  highest  so  far  reported  for  this  type  of  carbon  in 
non-conventional  electrolyte  for  EDLCs  [8,9,17].  Thus,  P4  appears  as 
a  promising  candidate  for  the  realization  of  high  energy  EDLCs. 

In  order  to  further  investigate  the  performance  of  EDLCs  con¬ 
taining  P4  as  active  material,  galvanostatic  charge— discharge  tests 
have  been  carried  out  using  all  three  electrolytes.  For  the  tests, 
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Fig.  5.  Cyclic  voltammetry  (scan  rate  20  mV  s  ')  of  EDLCs  containing  P4  and  Norit 
carbon  as  active  material  in  a)  1  M  Et4NBF4  in  PC,  b)  1.5  M  PYR,4BF4  in  PC  c)  at  1.5  M 
PYR,4TFS1  in  PC. 

currents  ranging  from  1  A  g_1  to  10  A  g_1  were  used.  The  operative 
voltage  used  for  this  investigation  was  2.7,  3.2  and  3.5  V  for  1  M 
Et4NBF4  in  PC,  1.5  M  PYR14BF4  in  PC  and  1.5  M  PYR14TFSI  in  PC 
[17,30],  respectively.  In  all  electrolytes  the  coulombic  efficiency  of 


the  charge— discharge  was  close  to  100%  through  all  cycling  and 
applied  currents.  The  equivalent  series  resistance  of  the  EDLCs  was 
in  the  order  of  6—7  Q  cm2  for  the  EDLCs  containing  both  P4  and 
Norit  as  active  material.  As  shown  in  Fig.  6,  when  a  current  density 
of  1  A  g_1  was  applied,  the  EDCLs  containing  P4  displayed  a  specific 
capacitance  in  the  order  of  30  F  g_1  (referred  to  the  total  active 
material)  in  all  three  electrolytes.  On  the  other  hand,  the  EDLCs 
containing  Norit  displayed  a  specific  capacitance  in  the  order  of 
23—25  F  g  ,  which  is  a  value  of  about  20%  lower  compared  to  the 
P4.  When  higher  current  densities  were  applied,  the  capacitance  of 
the  EDLCs  decreased,  but  with  different  magnitude  for  each  elec¬ 
trolyte.  Here  the  capacitance-rate  dependence  was  better  for  1  M 
Et4NBF4  in  PC,  followed  by  1.5  M  PYR14BF4  in  PC  and  finally  1.5  M 
PYRi4TFSI  in  PC.  This  trend  is  obviously  related  to  the  viscosity  and 
conductivity  of  the  three  electrolytes  and  it  is  in  agreement  with 
the  results  already  reported  in  literature  [13  .  It  is  important  to 
notice  that  the  used  active  materials  had  an  effect  on  the 
capacitance-rate  dependence  and,  in  all  electrolytes,  the  EDLC 
containing  Norit  displayed  better  rate  dependence  than  the  one 
containing  P4.  This  different  behavior  is  most  likely  related  to  the 
morphology  and  pore  size  distribution  of  the  two  investigated 
activated  carbons.  As  shown  above,  while  most  of  the  pore  volume 
in  P4  is  composed  of  micropores,  Norit  presents  a  considerable 
amount  of  mesopores.  These  mesopores  are  the  pathways,  which 
lead  to  quick  ion-transport  into  the  micropores,  and,  as  a  conse¬ 
quence,  are  necessary  when  high  regimes  are  required  in  EDLCs 
applications  [31,32].  Therefore,  the  poorest  capacitance-rate 


Fig.  6.  Evolution  of  specific  capacitance  at  different  currents  of  EDLCs  containing  P4 
and  Norit  carbon  as  active  material  in  the  electrolytes  1  M  Et4NBF4  in  PC,  1.5  M 
PYRi4BF4  in  PC  and  1.5  M  PYRi4TFSI  in  PC.  The  operative  voltages  for  this  test  were 
2.7  V,  3.2  V  and  3.5  V,  respectively. 
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dependence  behavior  observed  for  P4  can  be  associated  to  its  low 
amount  of  mesopores. 

Fig.  7,  displays  the  average  energy  and  power  of  the  investigated 
devices.  The  mass  used  for  the  calculation  refers  to  the  sum  of  the 
active  mass  of  both  positive  and  negative  electrodes.  As  shown,  P4 
exhibits  promising  results  in  terms  of  energy  and  power  for  the 
different  electrolytes  compared  to  Norit,  as  EDLCs  based  on  this 
material  are  able  to  deliver  higher  specific  power  and  energy  for  the 
organic  electrolyte  and  the  PYR14BF4  based  electrolyte.  In  fact,  the 
combination  of  P4  and  1.5  M  PYIT14BF4  in  PC  yields  the  highest 
energy  and  power  values  for  all  current  densities,  for  example  at 
1  A  g'1  such  an  EDLC  delivers  a  specific  energy  and  power  of 
34.5  Wh  kg-1  and  1.7  kW  kg'1,  respectively,  which  is  an  increase  of 
43%  in  terms  of  energy  and  16%  in  terms  of  power  compared  to 
Norit.  At  higher  currents,  however,  this  margin  decreases  to  15% 
energy  gain  and  4%  power  gain  for  P4,  indicating  that  Norit  is 
handling  the  high  currents  better  than  P4  for  this  electrolyte.  The 
reason  for  this  decrease  in  performance  at  higher  rates  is  most 
likely  due  to  the  absence  of  mesopores  in  P4  compared  to  Norit,  as 
mentioned  before.  This  could  also  explain  why  the  EDLC  based  on 
P4  and  1.5  M  PYR14TFSI  in  PC  has  the  worst  performance  of  all 
despite  using  an  operative  voltage  of  3.5  V:  without  mesopores  the 
big  ions  of  PYR14TFSI  can  barely  access  the  micropores,  limiting  the 
performance  of  the  device  at  higher  rates.  Since  the  other  electro¬ 
lyte  using  the  PYRi4-cation  does  not  suffer  as  much  at  higher  rates, 
the  limiting  factor  is  presumably  the  TFSI-anion.  If  we  consider  a 
scale  factor  of  4  for  the  transfer  of  lab  scale  devices  to  real  devises 
[33],  the  average  energy  and  power  density  of  the  EDLC  based  on  P4 
and  1.5  M  PYR14BF4  in  PC  can  be  estimated  in  the  order  of 
8.6  Wh  kg-1  and  0.4  kW  kg'1,  respectively.  It  is  interesting  to  note 
that,  although  the  power  density  is  lower  for  our  device,  the  value 
for  the  energy  density  is  considerately  higher  than  those  of 
commercially  available  EDLCs  based  on  PC  or  acetonitrile  [34], 


Fig.  7.  Ragone  plot  of  EDLCs  containing  P4  and  Norit  carbon  as  active  material  in  the 
electrolytes  1  M  Et4NBF4  in  PC,  1.5  M  PYR,4BF4  in  PC  and  1.5  M  PYR14TFS1  in  PC.  Both 
average  energy  and  power  are  referred  to  the  total  mass  of  active  materials  of  both 
electrodes. 
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Fig.  8.  Cycling  stability  of  EDLCs  containing  P4  carbon  as  active  material  in  the  elec¬ 
trolytes  1  M  Et4NBF4  in  PC  and  1.5  M  PYRi4BF4  in  PC,  using  an  operative  voltage  of  2.7  V 
and  3.2  V,  respectively. 


Finally  due  to  the  promising  results  of  P4  in  terms  of  energy  and 
power,  the  cycling  stability  of  this  material  was  also  investigated 
using  1  M  Et4NBF4  in  PC  and  1.5  M  PYR14BF4  in  PC  as  electrolyte, 
with  an  operative  voltage  of  2.7  V  and  3.2  V,  respectively.  The 
applied  current  density  for  this  test  was  1  A  g  .  As  shown  in  Fig.  8, 
in  both  electrolytes  the  EDLCs  follow  the  same  trend  during  cycling, 
displaying  capacitance  retention  values  up  to  85%  over  50,000  cy¬ 
cles.  To  further  investigate  the  stability  of  the  P4-based  EDLCs,  also 
float  test  were  carried  out.  The  EDLCs  based  on  P4  were  kept  at  the 
maximum  operative  voltage  (2.7  V  for  1  M  Et4NBF4  in  PC  and  3.2  V 
for  and  1.5  M  PYR14BF4  in  PC)  for  200  h  at  a  temperature  of  20  °C.  As 
shown  in  Fig.  9,  the  EDLCs  containing  1.5  M  PYR14BF4  in  displayed  a 
very  stable  behavior  during  the  test  and  decrease  of  specific 
capacitance  of  only  2.5%  was  observed  after  200  h.  In  comparison, 
the  PC/PYR14BF4  based  device  already  looses  about  12%  of  the  initial 
capacitance  after  200  h.  This  capacitance  fading  is  in  line  with  those 
already  reported  in  literature  [14]  and  it  is  most  likely  originated  by 
the  high  applied  voltage  of  3.2  V. 


Fig.  9.  Capacitance  retention  of  EDLCs  containing  P4  as  active  material  in  the  elec¬ 
trolytes  1  M  Et4NBF4  in  PC  and  1.5  M  PYR14BF4  in  PC  observed  for  200  h  float  test 
carried  out  at  2.7  V  and  3.2  V,  respectively. 
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These  results,  together  with  the  energy  and  power  values  ac¬ 
quired  here,  make  of  P4  carbon  a  good  candidate  for  future  appli¬ 
cations  where  high  voltage  PC-based  electrolytes  are  needed. 

4.  Conclusions 

In  this  work  we  reported  about  the  morphological  and  struc¬ 
tural  characteristic  of  an  activated  carbon  (P4)  tailored  for  use  in 
high  voltage  PC-based  electrolytes.  P4  displays  a  rather  marked 
“microporous”  character  and  a  relatively  low  amount  of  mesopores. 
We  showed  that  this  carbon  displays  in  high  voltage  PC-based 
electrolytes  a  specific  capacitance  of  about  120  F  g_1,  which  is  a 
very  promising  values  in  view  of  the  realization  of  high  energy 
EDLCs.  Using  P4  in  combination  with  the  electrolyte  1.5  M  PYR14BF4 
in  PC  it  is  possible  to  realize  EDLCs  able  to  deliver,  at  1  A  g  ,  specific 
energy  and  power  of  34.5  Wh  kg-1  and  1.7  kW  kg~\  respectively. 
These  values  are  among  the  highest  so  far  reported  for  this  type  of 
EDLCs.  The  investigated  EDLCs  display  promising  performance  also 
when  higher  current  densities  (up  to  10  A  g_1)  are  applied. 
Furthermore,  it  also  displays  a  capacitance  retention  higher  than 
85%  after  50,000  cycles.  Taking  into  account  these  results,  P4  ap¬ 
pears  therefore  a  suitable  candidate  for  the  realization  of  high  en¬ 
ergy  EDLCs. 
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